Teleseismic P-wave travel-time residuals from six large nuclear detonations in the caldera of the Silent Canyon volcanic centre of the Nevada Test Site have been reduced by corresponding P-wave residuals of a nearby reference event (Dumont) in an attempt to map the deep structure of this volcanic centre. Each set of residual difference data is plotted on a projection of the lower focal hemisphere of Dumont. After corrections were applied for known low velocity rocks in the Silent Canyon caldera, data clusters of at least -1.0 s were found to dominate observations in the distance range 60-90 degrees. These large negative delays indicate the existence of a major high velocity anomaly that is directly beneath the Silent Canyon volcanic centre. Teleseisrnic P-wave residuals of two additional nuclear explosions, outside both the Silent Canyon caldera and the region of the reference event, were also reduced by Dumont residuals. The resulting data are distinct from the Silent Canyon residual difference fields and serve as a control on the primary experiment. The observed differential residuals, independent data on trace and major element chemistry of Silent Canyon lavas, and direct observations of effective Q argue that the high velocity anomaly is in the upper mantle. A model that satisfies the observed residual differences and which is consistent with additional seismic data possesses an anomalous zone which begins beneath the MohoroviEiC discontinuity, at a depth of 40-50 km, extends to a depth of 170-190km, and has a volume of 350000-600 000 km3. This zone is interpreted as representing upper mantle material that has been largely depleted of its partial melt component by various differentiation processes and by associated eruption of the partial melt material through the Silent Canyon volcanic centre.
sinusoidal distribution with azimuth. Seismic array studies such as those of Niazi (1966), Cleary . A considerable additional body of evidence indicates that severe lateral variations in crustal and upper mantle P-wave velocity occur in association with active plate boundaries and with zones of recent intraplate tectonism. Johnson (1967 Johnson ( , 1969 has shown that lateral P-wave velocity variations in the lower mantle are smaller by an order of magnitude than those in the crust and upper mantle.
Many Nevada Test Site underground nuclear explosions have been detonated in the caldera of the Silent Canyon volcanic centre. P-wave travel-time data from these detonations provide an unusual opportunity to investigate the deep structure of this volcanic centre by a method of P-wave travel-time residual differences. In this experiment, the P-wave residuals of six large detonations within the Silent Canyon caldera are reduced by the corresponding residuals of a reference event, Dumont, detonated within nearby Yucca Flat.
As discussed in Toksoz, Minear & Julian (1971) , this differential P-wave residual approach removes the residual component due to systematic error in the assumed travel-time model and also removes the residual component due to anomalous velocity associated with crustal and upper mantle structure beneath the observing seismic stations. The method of this paper is critically dependent on accurate earthquake location (Spence 1973) . In this experiment, the hypocentres and origin times of the explosions are accurately known. Since the P-wave travel-time anomalies arising from velocity heterogeneity in the lower mantle are smaller by an order of magnitude than those for a crustal and upper mantle system, the differential P-wave residuals of this study then primarily will reflect velocity heterogeneity associated with the crust and upper mantle beneath the Silent Canyon caldera relative to velocity structure associated with the reference event.
Formalization
A travel-time residual is defined as the observed travel-time minus the corresponding computed travel-time based on a known earthquake hypocentre and origin time and on an assumed Earth model. We can partition a set of travel-time residuals, R G k , which are associated with the ray paths from earthquake G to stations k = 1, N , as follows:
(lateral variations, source crust-upper mantle) + R2,, (velocity variations along deep mantle path) + R3~k (velocity variations, station crust-upper mantle) +R4,, (a constant due to anomalous but apparently non-laterally varying velocity structure in source region) + R5G, (timing errors) R G k = +R6,, (systematic errors in assumed earth model) k = 1, N
R4 is intended to include apparent non-lateral effects such as could result from events occurring within intrusive bodies or an explosion in some depth of water; R5 is assumed to be normally distributed for large earthquakes (Freedman 1966 Consider a second earthquake, y , in the vicinity of G . The residual differences (Ryk-Rck), k = I , N , for observer distances large with respect to the separation between y and G, are approximated by If we deal with well-recorded seismic events (so as to minimize reading errors) and if the structure in the vicinity of the reference event (G) is known or assumed, then we can make the approximation
Thus, if systematic patterns in the data + (Ryk-RGk) are observed, then inferences can be made as to structural character in the region of earthquakey relative to structure in the region of G.
Data and geological setting
Fig. 2is a complete Bouguer gravity map of the northernmost portion of the Nevada Test Site (NTS) and shows the locations of the nine explosions used in this study. Pertinent event data on these explosions are summarized in Table 1 . These data are derived from Springer & Kinnaman (1971) except for the magnitude information as noted. Also shown in Fig. 2 are locations of eight deep drill holes of Pahute Mesa and vicinity. The geophysical data derived from these drill holes will provide important constraints on interpretations made in this paper.
The Nevada Test Site is located in the southern Great Basin of the Basin and Range province. The site of the reference explosion, Dumont, is near the pre-Cenozoic floor of the low density alluvium-and tuff-filled valley under Yucca Flat (Healey 1968) . The detonations Greeley, Boxcar, Jorum, Handley, Benham, and Halfbeak occurred within the caldera of the Silent Canyon volcanic centre. This caldera is almost entirely obscured by younger volcanic rocks and was unknown until revealed by a gravity survey which showed a strong regional low (Healey 1968) and by subsequent deep drilling (Orkild et al. 1968) . The Wineskin detonation occurred near the Gold Meadows stock, a minor intrusive feature within Rainier mesa. The Pile Driver detonation occurred in the Climax composite stock, which primarily is composed of quartz monzonite and granodiorite of late Cretaceous age (Hinrichs 1968) . The Halfbeak, Wineskin, and Pile Driver detonations will be used to provide
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I control on the interpretation of the residual differences for the five primary Silent Canyon caldera explosions.
Jeffreys-Bullen (J-B) residuals, based on true origin times, epicentres, and shot elevations, were taken as reported from the Bulletin of the International Seismological Centre (BISC) or the Earthquake Data Report of the National Oceanic and Atmospheric Administration (NOAA). The data source for the magnitude and P-wave arrival times for each event is indicated in the last column of Table 1 . Many of these arrival times were re-read and agreement to within 0.1 s was generally found. Those arrival times found to be based on highly emergent P-wave signals were edited from further consideration. J-B residuals for Dumont, Greeley, and Pile Driver together with epicentral distance, departure angle, and azimuth from Dumont are shown in Table 2 .
The residual differences (Ryk -R,,), k = 1 , N were formed with respect to Dumont for the eight other explosions of Table 1 and then, since these data are source related, each data set was plotted on the lower focal hemisphere of Dumont. These residual differences are shown as follows: Greeley, Boxcar, Jorum, Handley, and Benham in Fig. 3 ; Pile Driver, Halfbeak, and Wineskin in Fig. 4 . Negative values indicate high velocities in the region of y relative to the region of G and positive values indicate low velocities in the region of y relative to G.
The extreme contrast which exists between the Greeley and Pile Driver residual difference fields is particularly notable. The geographic separation between Greeley and Pile Driver is about 32 km; these events are 37 and 13 km from Dumont. The residual differences inside a ray departure angle of i, = 20" average -0.62 s for Greeley and + 0.34 s for Pile Driver. These data clusters represent observations from Scandinavia to Southern Europe. The trends persist to i, w 25" but then break down; the residual difference patterns for these two events are comparable for nearer observations. In Figs 3 and 4, the departure angles of 20" and 40" roughly correspond to epicentral distances of 70" and 20".
Biasing effects of Dumont
Before Figs 3 and 4 can be interpreted, the assumption that Dumont is underlain by uncomplicated structure must be considered. Glover & Alexander (1970) have summarized existing geophysical interpretations on the crust beneath Yucca Flat. Beneath the thin (less than 1 km) tuff layer of the Duniont site is an unknown thickness of Palaeozoic limestone and dolomite. The aeromagnetic data across Yucca Flat (Hinrichs 1968) are relatively uniform, suggesting that this area is not complicated by major intrusive features. Similarly, the gravity data across Yucca Flat (Healey 1968) do not indicate the presence of anomalous features other than the well-mapped near-surface fill of Yucca valley. Detailed velocity information on the deep crust and upper mantle beneath Yucca Flat has not been found. Glover & Alexander estimate the depth of the MohoroviCiC discontinuity here as 30 km. They note that none of the deep refraction profiles available actually traverses the NTS, and that their estimate accordingly is based on extrapolations to the NTS from distances of 50 km and greater.
The residual difference data for the control events Pile Driver and Wineskin provide an important constraint on the numerical values of the Silent Canyon negative residual difference data. Fig. 5 is an aeromagnetic map of the Yucca Flat area (Hinrichs 1968) . Shown are the locations of the reference event Dumont and the control events Pile Driver and Wineskin. These control events are at the magnetic highs associated with the Climax stock and with the Gold Meadows stock. The corresponding residual differences, Fig. 4 , suggest that low velocities are associated with these intrusive bodies. The Pile Driver residual difference field, averaging Soga (1971) , Shankland (1972) , and Anderson (1973) , produce a pronounced gravity low. There is no convincing suggestion of such low gravity in Fig. 2 . The low gravity of Fig. 2 near the Climax stock results from known near-surface low density volcanic rocks and alluvium (D. L. Healey 1973, private communication) . It is possible that the longer wavelength low gravity perhaps associated with the Climax stock is masked by nearregional gravity anomalies such as that associated with the Silent Canyon caldera. An independent explanation for the Pile Driver positive residual difference field could lie with high velocity structure associated with Dumont. However, evidence for such velocity heterogeneity has not been found. The lack of anomalous magnetic and gravity data at or near the Dumont site suggest that the deep structure here, relative to that of the Climax stock and of the Silent Canyon volcanic centre, is uncomplicated.
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It is concluded that a contradiction exists between the Pile Driver residual difference field and the consensus on the thickness of granitic plutons and the the consensus on velocity-density systematics for crustal rocks. While the Pile Driver residual differences appear to be associated with the Climax stock, it is possible that they originate in part in the lower crust or in the upper mantle. Also, it is possible that the Climax stock may possess compressional wave velocities which, due perhaps to anomalous temperatures, do not have associated density contrasts which are governed by simple forms of Birch's law. Press & Biehler (1964) hypothesized such a condition to explain apparent positive P-wave delays associated with seismic stations located on California batholiths.
Thus, while it is difficult to say something definite about the structure of the Climax stock, it would be improbable that the associated residual difference field is more positive. Therefore these control data imply that the observed clusters of negative residual differences in Fig. 3 are minimum values. If it can be argued that the Pile Driver residual differences are less positive, then the negative data of Fig. 3 would be correspondingly more negative.
The Silent Canyon volcanic centre
General setting
The caldera of the Silent Canyon volcanic centre,located in a topographic high (Pahute Mesa), is characterized by a strong relative gravity low as indicated in Fig. 2 , reaching a peak value of -225mgal. The caldera is roughly elliptical in plan, measuring 16 x 22 km with major axis oriented NE-SW, and approximately lying within the -210 mgal contour of Fig. 2 . The bulk density control provided by deep drilling in the caldera (Orkild et al. 1968 ) supports Healey's gravity interpretation of at least 5.0 km of low density rocks within this caldera. These low density rocks, which completely fill the caldera, are extrusives from several regional volcanic centres.
The Silent Canyon volcanic centre was active for at least 1 My and the oldest rocks are dated 14.8k0.6 My BP (Noble e f al. 1968) . The two members of the Belted RangeTuff, which were the most important units erupted, are estimated by Noble e f al. to have had an original volume of about 300 km3 and to have erupted within tens of years.
. 2 Correction of residual differences for low velocity caldera rocks
Acoustic logs from many drill holes throughout the Silent Canyon caldera provide a mean compressional wave velocity of 3-6 km s-' (R. D. Carroll, 1973, private communication) . Dumont is underlain by pre-Cenozoic rocks; the regional preCenozoic rocks typically exhibit compressional velocities in the range from 4.8 km s-l at near surface to 6.0 km s-' at a depth of 5 km. Thus if the 3.6-3-9 km of low velocity rocks beneath the caldera shot points were entirely responsible for the observed residual difference fields, the data of Fig. 3 would be dominated by a positive 0.3-0.5 second term for the steeply departing rays. The best-defined pattern within the residual difference fields of Fig. 3 is that of the steeply departing rays of the eastern sector of the Greeley detonation, averaging -0.62 s. Thus the residual difference discrepancy for the Greeley cluster is -0.62s (observed) minus 0.3-0.5s (low velocity caldera rocks) for a total of at least -1 .O s. The remaining residual difference fields of Fig. 3 appear to be systematically related to the Greeley pattern and will be interpreted in detail near the end of the following sub-section.
Upper mantle model for the source of the Silent Canyon volcanic centre
The residual difference clusters of Fig. 3 indicate a major zone of high velocity material spatially associated with the Silent Canyon volcanic centre. Suppose that the -1.0-s Greeley cluster is caused by a high velocity anomaly between 25 and 80 km in depth. Relative to an assumed average Basin and Range P-wave velocity of 7.8 km s-l over this depth interval, the -1.0-s delay requires an average velocity of 9.1 km s-l. Velocities of 9-1 km s-' are not normally encountered until a depth of around 400 km. Clearly the explanation of the data of Fig. 3 lies with a large-scale high velocity anomaly in the upper mantle.
Since the data of Fig. 3 are clusteredfor steeply dipping rays only, we will be able to roughly map the corresponding high velocity zone once an appropriate velocity contrast and upper and lower bounds of this zone are chosen. This requires reference to previous geophysical work in the Basin and Range province and in the specific region of the Nevada Test Site. Fig. 6 is a composite of six upper mantle P-wave velocity models. Velocity profiles By C, D, E and F have direct applicability to this study and illustrate the unusual character of the upper mantle in the Basin and Range province. Profile A represents the world-wide average upper mantle velocity structure as given by the Jeffreys and Bullen (J-B) Seismological tables (1940) . Some combination of the five relevant upper mantle models must now be chosen as most appropriate to the NTS region. where S t is the delay produced under the velocity contrast v2 -v1 acting over a depth interval 617. This delay is consistent with the Boulder City, Nevada station correction of +0.91 s determined by Herrin & Taggart (1968) and with the regional delay in excess of 1.0 s determined from Long Shot data by Jacob (1972) . It is possible that the low velocity zone is thicker than we have deduced, due to the inherent ambiguity between velocity and layer thickness. The unusual character of the upper mantle in this region is interpreted as caused by some combination of the effects of partial melting, high temperature gradients, and compositional complexity (Anderson & Sammis 1970; Hedge & Noble 1971; Lipman, Prostka & Christiansen 1971; Hales & Doyle 1967) . The potential of high mobility of material within this upper mantle zone makes it a likely unit for the formation of the high velocity anomaly which the data of Fig. 3 suggest.
Major and trace element studies indicate that the Silent Canyon lavas originate in the upper mantle as the products of an extremely small degree of partial melting and thus tie the high velocity anomaly with the Silent Canyon volcanic centre. Hedge & Noble (1971) provide several arguments which show that basalts of the southern Great Basin region originate in the upper mantle, rather than in the lower crust. Moreover, Hedge & Noble (unpublished data) argue that Silent Canyon tuffs also originate in the upper mantle. They suggest from these and other data that all the late Cenozoic lavas of this region are derived ultimately from the upper mantle. The great volume of Silent Canyon extrusive rocks (> 1000 km3 ?, P. W. Lipman, 1973, private communication) suggests that a major zone of the upper mantle of this region has been active in various differentiation processes. The high velocity anomaly associated with the Silent Canyon volcanic centre seems to be a vestige of such activity.
Direct estimates of the Earth's short-period attenuation provide support for the existence of the high velocity anomaly within the low velocity zone of the Basin and Range province. McGinley & Anderson (1969) have found that the Basin and Range upper mantle is generally best described by a very low Q for both P-and S-wave energy. However, on the basis of high frequencies from the Boxcar detonation as observed at the Norwegian Seismic Array (Norsar) (A = 72", Z = lo", i, = 17") and on the basis of near-field observations of Boxcar high frequencies, Frasier & Filson (1972) conclude that the P-wave effective Q ( Q E ) for the Boxcar-Norsar path is at least 1700. Trembly & Berg (1968) found QE of about 450 for the path from the NTS to Mould Bay, Canada (A = 37", 2 = 359", i, = 25"). As can be seen from Fig. 3 , the high Q E corresponds to a high velocity ray path while the lower Q E corresponds to a low velocity ray path. Walsh (1969) presents a theory for attenuation within partially melted rock which concludes that the P-wave attenuation mechanism is a direct function of the melt concentration alone. The above observations of QB are consistent with a high velocity anomaly, depleted of partially melted rock, within the low velocity zone and beneath the Silent Canyon caldera.
The points of evidence for an upper mantle source for the Silent Canyon volcanic centre are: (1) Residual difference fields of five Silent Canyon caldera detonations each show negative clusters for steeply departing rays. These residual difference fields systematically relate to the -1.0-s cluster associated with the Greeley event and can best be explained by an upper mantle anomaly of high P-wave velocity, (2) Trace and major element studies of Silent Canyon volcanic centre basalts and tuffs indicate an upper mantle magma source. (3) Directly observed Q E for the high velocity Boxcar-Norsar path is at least 1700, while teleseismic ray paths through normal Basin and Range province upper mantle exhibit a much lower QF This high QE is consistent with a sub-silent Canyon zone greatly depleted of partially melted rock. (4) The large volume of magma erupted through this volcanic centre is most easily explained by an upper mantle magmatic source of very great volume.
We choose to confine the high velocity anomaly indicated by the residual difference analysis to within the 120-150 km thick low velocity zone determined earlier in this section. The Greeley cluster of at least -1 SO s then implies a velocity for the anomalous zone of at least 8.1-8.2 km s-', a value comparable to standard earth model (such as the J-B or 1968P) velocities over this depth interval. This represents a velocity contrast of 6-8 per cent over the P-wave velocity of 7-7-74 km s-' of the low velocity zone. The data of Fig. 3 are most consistent with a high velocity anomaly shaped like an inverted truncated cone. The dip of the outer boundary of this feature is about 70°, corresponding to the breakdown of the Greeley residual differences cluster at this angle. This dip is probably conservative as the observed data, by reflecting a high velocity least-time path, could be channelled down a narrower feature before being refracted into the surrounding low velocity material. The mean radius of the high velocity structure at its assumed base is 50-60 km and the volume of such a high velocity zone is 350000-600000km3. This volume appears to be consistent with that volume required if all the magmas that erupted through the Silent Canyon volcanic centre (> loo0 km3?) were derived from a very small degree of partial melting within the upper mantle. A schematic diagram which summarizes these conclusions on the Silent Canyon volcanic system is given by Fig. 7 . With this general model for the Silent Canyon upper mantle high velocity anomaly, we can now examine the detailed character of the residual differences of Fig. 3 permit constraints to be placed on the shape and on the lateral position of the high velocity anomaly. The Greeley residual difference cluster is well defined in the azimuth sector 5-1 lo" for departure angles out to about ih = 22" (refer to Figs 2 and 3) . The Boxcar cluster is geometrically similar to the Greeley pattern, although it extends to larger i, while losing negative data outside ih = 20" for the azimuth sector 5-15". These trends indicate that the Boxcar site is further west than the Greeley site in relation to the high velocity anomaly which we are attempting to map. Moreover, the Boxcar negative cluster is better defined than the Greeley cluster in the azimuth sector 110-140". This suggests that the high velocity anomaly may have an asymmetric cross-section with a major axis oriented NE-SW, parallel to the major axis of the caldera. The Jorum event suffers from a general lack of data. The existing Jorum data are very similar to the corresponding Boxcar data while adding two PKP-phase residual differences which average -2.3 s (the innermost two points).
The Handley and Benham plots of Fig. 3 generally fit the observed trends. The Handley residual difference cluster is well defined in the broad azimuth sector 10-140" and out to the same large departure angle observed for Boxcar. The negative Handley residual differences near i, = 20" for the azimuth sector 90-140" are very pronounced and support the choice of a NE-SW major axis of the anomaly cross-section. The Benham residual differences may be influenced by near-site very low-velocity tuffs (Healey 1968; Carroll 1969 ) and by relatively long travel paths in a low velocity granitic pluton in the crust beneath the Silent Canyon caldera. Such granitic plutons are typically thought to underlie major volcanic centres, representing former magma at some stage of upward migration. Since both these factors could strongly affect the Benham residual differences, it is probable that the Benham data are entirely consistent with the previously discussed data.
The Halfbeak data, Fig. 4 , provide an important constraint on the position of the high velocity anomaly with respect to the caldera. The Halfbeak site is at the northeast rim of the caldera and the assocated residual differences suggest that this site is NE of the anomaly producing structure. The dominant innermost data (four tightly clustered points) average -2-1 s and may represent the true extent of the Silent Canyon high velocity anomaly, being associated with ray paths which by-pass the probable low velocity crustal granitic chamber underlying the Silent Canyon volcanic centre. This interpretation could also explain the -2.3-s delay for the Jorum P K P data. Of course if a delay in excess of -2.0 s is more realistic than the -1.0 s used in the Greeley analysis, the hypothesized high velocity anomaly would exhibit either a greater vertical extent or a higher velocity contrast or both. Lipman et al. (1971) present a map suggesting that Cenozoic volcanism of the NTS region has a source depth of 260+30 km. Their data may justify increasing the vertical dimension of the high velocity anomaly to approximately 200 km. It should be noted that the PKP residual difference data are of a lower reliability than the P-wave residual difference data and that the model shown in Fig. 7 is the most consistent with all known data.
Discussion
Stewart (197 I) has described Basin and Range structure as a system of horsts and grabens produced by deep-seated extension. He calculates a surface rate of extension of 0.3 to 1.5 cm/yr over the last 17 My. Associated with this extension has been intensive volcanism. Ekren (1968) suggests that in addition to the many known volcanic centres in the Basin and Range, there exist numerous and as yet undiscovered major volcanic centres. He bases this suggestion on the fact that the Silent Canyon volcanic centre was unknown until revealed by a detailed gravity survey of the NTS region. The results of this study suggest that the Basin and Range upper mantle may be characterized by many vertically elongated zones of high velocity, corresponding to the many Cenozoic volcanic centres of this province.
Residual differences, whether applied to the elements of an array (utilizing distant sources) or applied to distant receivers (using closely-spaced explosions, as in this paper) provide a direct means of investigating upper mantle structure. Generally, the extension of the method of this paper to natural earthquakes must be regarded with caution since all location methods available smooth out systematic character in the residual field associated with an earthquake or earthquake group. The source term portion of a residual field is often highly systematic in character and thus, by using residuals from earthquakes located by a least-squares procedure, the very information which this type of study seeks could be largely destroyed.
The results of this paper could be better quantified by applying ray tracing methods (Julian 1970; Sorrells, Crowley & Veith 1971) to the residual difference sets of Fig. 3 . This could provide an improved estimate of the lateral extent of the zone of high velocity beneath the Silent Canyon caldera. Future work on the Silent Canyon high velocity anomaly should also include a systematic study of the variability of QE associated with a more precisely mapped anomaly geometry.
